Abstract
Introduction
Today waste tires have become a growing concern as in the past, and each year the world generates more waste tires. This could mainly be attributed to increase in population and therefore the demands of the world for more vehicles to be produced, which means more waste material to be accumulated after they reach their end of life. As this material is manufactured from petroleum products, it can't be dissolved or recycled in nature; therefore a necessity arises to dispose of these materials. Current disposal methods include burning stockpiles of waste tires, which has obvious health and environmental risks. An alternative method would be to recycle these materials and therefore contribute to a healthy environment. Many developed and also developing countries are working on putting out laws, ordinances or state wise legislations regarding the use or recycling of waste tires that would allow them to be used in a civil engineering context. ASTM International already has such standards as to the use of scrap tires in civil engineering applications. They have defined and classified scrap tires according to their sizes, processing, and shape or type (whether it is a whole tire, a slit tire, shredded tire, chipped tire, ground rubber or crumb rubber). Waste tires have been in the field of interest of many civil engineers. Although there is much research that needs to be done on the topic, there are current applications involving the recycling of said materials. These discarded materials are sometimes used in reinforcement of weak soil, slope stabilization or as a backfill in retaining structures [1] [2] [3] [4] [5] [6] [7] [8] . Soil mixed with waste tires have been shown to possess a higher compressibility, low void ratio, high friction angle, and high attenuation [9] [10] [11] [12] [13] [14] [15] . Finding the damping ratio and shear modulus of waste tire mixtures will be the scope of interest of this paper, and in accordance with that, behavior of sand-waste tire mixtures will be studied and two different approaches, namely SR and GP, for modeling the mentioned properties of waste tires will be presented.
In previous research in the literature regarding waste tires, static and dynamic properties of soil and discarded tire mixtures had been studied. There have been many studies on the compressibility properties of waste tire shreds [1, [16] [17] . In general, the results of these studies concluded that when the tire scraps had an initially loosely packed structure, they have exhibited better compressibility than that of other tire shreds which were slightly denser. Further investigations were done in order to determine the shear strength parameters of waste tires, which included direct shear tests and monotonically loaded triaxial tests [14, [18] [19] [20] [21] . The researchers tried to examine behavior of the waste tire and sand mixtures as they increased the amount of waste tires in the mixtures. The common reports of these investigations were that the shear strength of sand and waste tire mixtures had increased only up to a certain point where any more raise in the ratio of tires would degrade the quality of the mixtures. However, the shear strength parameters were not only bound to the ratio of waste tires. Several other factors, namely; normal stress, unit weight of the sand matrix, aspect ratio, compaction degree and also processing techniques were shown to greatly affect the parameters of the sand mixtures [22] . Edinciler et al. [22] pointed out that out of the mentioned factors, it was processing techniques of discarded tires, which proved to be the most effective in influencing the shear strength parameters. Optimum soil behavior and compaction characteristics was achieved when the waste tire ratio in the mixtures allowed to be under 35-40%; it was then observed that the mixtures had a sand-like response, they had high shear strengths, and dilatant behavior [14] . The researches done until very recently on the topic included investigation of basic soil properties such as compaction, compressibility, permeability, shear strength, modulus of elasticity, and Poisson's ratio. These studies, however, did not provide a comprehensive overview of the dynamic properties of soils in relation with the waste tire ratio [11, [25] [26] [27] [28] . Owing to their elastic properties, mixtures composed of sand and waste tires could prove a useful element in energy dissipation, and therefore in seismic energy absorption in underground tunnels [29] [30] [31] . Shear strength of scrap tire and soil mixtures is significantly higher than that of regular soil. In addition to this, these mixtures also have an excellent energy dissipation capacity [2] . Edincliler et al. [32] have increased tire shred weight by 10% in a sand and scrap tire mixture in their studies, and it was shown that an increase by this amount caused the mixture to have a lower shear modulus but also improved its damping property significantly [32] . Kim and Santamarina [26] increased the waste tire ratio in the mixture, and they showed that the mixture followed a certain pattern in which its shear wave velocity gradually increased and then started to decrease after the waste tire ratio hit 20%. A similar behavior, this time regarding the stiffness and damping ratio, was observed by Pamukcu and Akbulut [15] . Feng and Sutter [11] , and Anastasiadis et al. [33] reported that when the waste tire content was increased in a given waste tire and sand mixture, this resulted in a decrease of stiffness and an increase of damping ratio of the mixture. Anastasiadis et al. [33] also showed that these changes in the properties of the mixture occurred in a close-to-linear fashion when the waste tire ratio allowed to be changed in the range of medium to high strain level. Later studies done on the waste tire mixtures regarding the influence of confinement time have suggested analytical relationships between shear modulus and damping ratio of the mixtures at various strain levels [34, 35] . However, it should be noted that these mentioned studies were conducted on mixtures that were composed of fine to medium grained uniform sands.
The studies on the dynamic characteristics of soil -waste tire mixtures can be developed even further, and there is potential in areas such as earthquake analysis of the fills for slopes, embankments and retaining walls. In this study however, we were concerned with shear modulus and damping ratio of the mixtures, and these characteristics were computed using a cyclic testing instrument. We first separated the samples into mixtures with diverse percentages of waste tires and sand. The maximum value of shear modulus and the minimum value of damping ratio were represented with the percentage of waste tires. In this paper we provided the experimental results of the relevant tests on the sand -waste tire mixtures, and two different approaches in approximating the damping ratio and shear modulus were discussed, namely Stepwise Regression (SR) and Genetic Programming (GP). We compared our results with the previous studies on SR and GP [36, 40] , and found out that our estimations fell in line with earlier studies. An advantage of our approach is that we can also develop mixture rules that assist us in estimating the variation of dynamic properties in relation to the ratio of waste tires to soil. As examined herein, the variation of maximum shear modulus in relation to the percentage of waste tires, type of waste tires, amount of confining pressure, and strain level, provides insight into how mixture rules could be established for particulate mechanics of earth structures that include non-earth materials.
Experimental Study
In the experiments that were conducted during the study, our goal was to evaluate the dynamic properties of sand along with the dynamic properties of several sand and waste tire mixtures, which were also tested using a triaxial test equipment. Waste tires that are used in the experiment are recycled tires in the forms of tire crumbs (TC) and tire buffings (TB), which were included in 10%, 20% and 30% by weight in the mixtures.
A type sand that is known as "Silivri sand" was used in our experimental setup. This particular type of sand is commonly used in highway embankments in Turkey, and is found around Silivri, Istanbul, hence the name. A sample of sand was collected from the location and sieve analysis was performed in compliance with the ASTM code D422. After observing the results, the coefficient of uniformity (Cu) and the coefficient of curvature (Cc) were determined to be 2.4 and 1.35, respectively. Using the Unified Soil Classification System (USCS), these values then lead to the classification of the soil as uniformly graded sand, which is denoted by the symbol "SP".
Tire crumb, which is also called a crumb rubber is basically a rubber material generally derived from recycled vehicle tires. Tire buffing is a similar material, which is a waste product of buffering process of tires. They come in fiber shapes and are very lightweight as tire crumbs also are. These materials were purchased from companies in Istanbul, Turkey.
Particles of the tire buffings were of differing sizes; therefore we observed the gradation of the material according to ASTM D4767-04, after which we acquired a sample with particle sizes at the desired lengths. An aspect ratio of 1/5 for the tire buffings was preferred to use in the experiments. Pictures of tire buffings and tire crumbs are shown in Figure 1 . Another important parameter of these waste materials is relative density in terms of geotechnical engineering. We calculated the relative densities of the specimens of sand, tire crumb and tire buffings with triaxial tests. These triaxial tests conforms to the standard codes of ASTM D 4253-83 and ASTM D4254-83 using a standard compaction mold of 864 cm 3 in volume and a standard compaction hammer. In the aforementioned ASTM codes, calculating relative density comprises of two steps where for a given material, a minimum density for its loose state and a maximum density for its most compacted state is measured. In our case, the minimum densities were determined after the mold was filled with the loose material. The maximum densities of the materials were determined in a process whereby the mold is filled in 5 layers, and each layer is formed by hammering the material with fifteen blows. The calculated results of relative densities are shown in Table 1 . All the experiments were carefully conducted in stresscontrolled environments using a standard cyclic triaxial testing equipment of ASTM D3999. This equipment allows testing of specimens that are 50 or 100 mm in diameter with a height twice the size of its diameter. In order to have uniform mixtures of sand and waste tires (of either TB or TC) we prepared the mixtures by dry mixing sand with chosen percentages of TB and TC which were 0%, 10% and 30% by weight. After this step, we formed the specimens in dimensions of 100 mm × 200 mm inside a metal mold and laid each mold separately on top of the pedestal of the triaxial test apparatus. For determining the maximum densities, each of the specimens was prepared in 5 layers. For measuring the minimum densities, the specimens were prepared in 3 layers of equal dry mass without allowing any disturbance in each layer so as to acquire a lowest density possible in laboratory conditions. The experiments resulted in approximately same relative density measurements for all of the specimens, which are shown in Table 1 .
It is worthwhile to mention the fact that the experiments were conducted with a certain type sand and with sand -waste tire mixtures in which waste tire content varies only up to 30% by weight. There is a valid reason behind this decision and it is that as waste tire content gets higher the mixture quickly acquires rubber-like characteristics, which we did not intend to have. It has been shown in earlier studies that for waste tire content above 60% by weight, the sand mixtures exhibit a rubber-like behavior. When the mixture reaches as high a content of waste tires as 60%, it was observed that rubber-to-rubber interfaces would emerge and that the waste tires inside the mixture would be more in control of the overall static and dynamic response of the mixtures [26] .
Analysis of Test Results
The test results were analyzed with regards to the loaddeformation response, the shear modulus and the damping ratio of the mixtures. The behavior of waste tires with varying contents were observed and corresponding strain shear modulus (G) and damping ratio (D) values were recorded, which are shown in Figure 2 through Figure 5 . The main effect observed was that regardless of confining pressure of the mixtures, G and D of waste tire crumbs increases. We measured confining pressure values of G and D to be 40 kPa, 100 kPa, and 200 kPa. Figure 2 and 3 show how the small strain shear modulus and damping ratio of the mixtures that are tested under 100 kPa is affected by varying contents of tire buffings and waste tires. The comparative analysis shown here evidently demonstrates that as the waste material content increases, the stressstrain response of the mixture to cyclic loading gets smoother. It is shown that as the proportion of waste materials introduced in sand gets higher, we have lower shear modulus values. It is also demonstrated that G increases as D also increases, for a given strain level. The mixtures with less waste tire ratios were observed to display a more linear response when they were at relatively small strain levels. Conversely, mixtures with higher waste material ratios were observed to possess a relatively elastic response. As Feng and Sutter [11] also reported in their investigations, damping response in a given waste tire -sand mixture may be resulting from (i) the friction between each particle or (ii) the deformation of each particle. Particles of sand are known to be stiff, which explains why they dissipate small amounts of energy during deformation. On the other hand, owing to their highly elastic nature particles of each waste tire are known to consume high amounts of energy. The change in G and D values under the influence of confining pressure for a specimen of 20% waste tire ratio is shown in Figure 4 and Figure 5 . It can be seen from the figures that as the introduced confining pressures increase, the mixtures have a tendency to display higher G values and lower D values. 
Stepwise Regression
Dealing with large numbers of independent variables as we have in the experiments, requires the best combination of such variables to be specified in order to determine the dependent variable. Stepwise Regression (SR) a semi-automated process, which helps to determine the best subset of models [41] . The process involves the variables are either being added together or deleted which have the greatest effect on the residual sum of squares. Subset variables are selected using one of three ways, which can be a forward selection, or a backward elimination, or a combination of both of them. In the first method, the procedure starts with no variables involved, they are added one at a time according to a given criterion. The second method however involves a procedure that starts out with all the candidate variables, goes on to eliminate each of the variables until no further progress is possible and there is only one variable left [42] . In the procedure, which utilizes both methods, the variables at each step are tested whether to be included or not. Each step is significant in this procedure in that, they may be reevaluated according to the previous variables. The direction of selection may change to backward when a partial sum of squares value for a variable do not meet a certain minimum. From that point on, the variables are then evaluated as in the backward elimination method until they meet the minimum requirement. In stepwise regression, when the forward direction method is chosen it requires more computing power, but it also has a certain advantage that it can evaluate potential subsets even before each subset size is determined. It may be concluded that stepwise regression analysis has a great advantage of being able to provide the most suitable subsets for a given data while not guaranteeing every time that the subsets will be the best ones. The procedure uses forward elimination and backward elimination criteria interchangeably to choose the subsets and end the selection process. If there are no more variables left that requires staying in the model, and no outside variable is to be entered then the selection process is said to be completed [42] .
The aim of this paper is to develop empirical formulas that determine shear modulus (G), and damping ratio (D) of waste tire crumbs/buffings and sand mixtures by utilizing SR techniques on the data obtained by experiments.
Genetic Programming
Genetic programming (GP) is an artificial intelligence methodology inspired by biological evolution and natural selection that aims to solve complex engineering problems. A genetic algorithm (GA) is the procedure of calculations involved in the genetic programming. Using GP, it is possible to let members of a certain group of people evolve under previously determined rules and maximize their fitness properties. A fitness property for example, may be a one that minimizes the cost function. GP first appeared in use in 1954 by Nils Aall Barricelli, who used the method to simulate biological evolution of species. The method was further improved by Holland [43] , and one of his PhD students, Goldberg used it to solve a sophisticated engineering problem related with the control of a gas pipeline as documented in 1971 [45] . By the 1970's genetic programming had already found its way as a popular method of optimization. The fitness in a GA is a measure that determines how well an individual is adapted to the environment and how well he/she performed to solve a given problem. In other words, it is a property whereby an optimum solution is presented for the problem, and each solution of a problem is represented by an individual in the genetic algorithm. Therefore, in order to have an algorithm that works as expected and that can solve complex problems, individuals who are best fit needs to be selected, because fitness is the most important parameter in a GA [41] . Koza proposed genetic programming as an extension to GA's [46] . According to Koza, GP has the potential to solve any programs independent of a domain by allowing computer programs to evolve as in Darwinian theory of natural selection and survival of the fittest. Therefore, genetic programming can be thought of as analogous to evolution where every phenomenon in evolution also takes place, including sexual recombination and mutation. The steps that GP follows in order to solve problems using computers is as follows (Figure 6 ): (i) Generate an initial population of random compositions of the functions and terminals of the problem (computer programs). The best computer program that appeared in any generation, the best-so-far solution, is designated as the result of genetic programming [46] . 
Brief overview of GEP
Gene expression programming (GEP) is a computer algorithm that creates other computer programs or models. It is based on GP that simulates evolution of computer programs of given sizes and shapes that can be encoded in linear chromosomes having fixed lengths. The chromosomes incorporated by the program have multiple genes with each gene having the ability to encode other computer programs. Linear chromosomes have the structural organization akin to normal chromosomes and they can perform operations on genes like recombination, transposition and mutation. One of the stronger points of GEP over GP is that its genetic operators work at the chromosome level and the creation process to achieve a genetic diversity is much simplified. Another powerful feature is its ability to simulate an evolution of programs consisting with many subprograms and that are more complex that those created by GP. GEP is a much-improved version of GP whereby users can create programs that behave much like living organisms, and it is said to have a computing power that is 100-10,000 times powerful than that of GP system [46] [47] [48] [49] . In this study, we used the computer software called GeneXTools (www.gepsoft.com), which is developed by Candida Ferreira.
The main differentiating factor between GA, GP and GEP lies in the fact at how the individuals are selected. It was stated that in GA the individuals are only linear strings having constant lengths as in chromosomes; whereas in GP, the individuals are not linear and they can have different sizes and shapes as in trees; and lastly in GEP which is the closest method of simulating a living organism, the individuals are linear strings of the same length just like in GA, but they later transform into nonlinear entities each having different shapes and sizes. It can be stated that there are two fundamental parameters involved in GEP: chromosomes and expression trees (ETs). In GEP, the information first gets decoded from chromosomes into expression trees, and this process is known as translation. The genetic code of GEP is a basic one-to-one relationship between symbols of the genome and the functions they represent, which are called terminals. The rules that are used in the program specify the spatial organization of the functions and terminals in the ETs and the type of interaction between sub-ETs [46] [47] [48] [49] .
There are two languages that are used in GEP, namely the language of the genes and the language of ETs. Given a certain gene sequence, GEP is able to derive the exact phenotype, and vice versa. This process is called Karva language and it is a great advantage of using GEP over other systems. For example, consider the following algebraic expression.
The diagram in Figure 7 represents the expression, which corresponds to an expression tree. 
Numerical Applications
Nonlinear response of waste tire -sand mixtures were experimentally observed after which numerical simulations were performed with the obtained data. In order to create a numerical model, we first established two systems, and then we modeled waste tire -sand mixtures.
Using Stepwise Regression and Genetic Programming techniques, the study aims to propose formulations that can be used to calculate damping ratio and shear modulus properties of sand -waste tire mixtures. The details regarding the experiments conducted for the investigation and an outline of the systems used for the numerical analysis are given in previous sections. Using the Stepwise Regression, shear modulus (G) and damping ratio (D) properties were modeled as a function of confining pressure (σ, kPa), strain (ε, %), waste tires type (T wt ), and waste tire content (C wt ), and the following equations were obtained;
Using the Genetic Programming, the database was divided into two parts consisting of a training set (80%) and a testing set (20%) so as to prevent over-fitting and to obtain a generalization. The patterns used in both sets were randomly selected. We created the formulas based on training sets. Testing sets were there to test the parameters against, in order to measure their reliability and the scope they are effective in. After all the parameters are put into the equations we obtained the final form for G and D as follows; T wt = Waste tire type (1 for tire buffings, 2 for tire crumbs) C wt = Waste tire content The parameters related with the training sets of our GP models are given in Table 2. Table 3 presents the statistical parameters used in training and testing sets and also gives the calculation results of the models. Figures 8 through 11 show shear modulus and damping ratio values calculated using GP vs. test results. For a comparison of SR/GP and test results, some typical diagrams are presented in Figures 12 through 15 . Figures 12 and 13 shows a comparison of the proposed SR and GP models for the soil mixtures of 10% waste tire content with the test results. As it is seen in the figures, the proposed GP and SR models gave reasonable shear modulus and damping ratio values for the mixtures of 10% waste tire content that are tested under differing confined pressures. Figures 14 and 15 show a comparison of GP/SR models with the test results of waste tires. The diagrams in these figures also indicate a close relationship with the test results. It's worth mentioning however, in order to obtain a conclusion regarding the accuracy of the models, the database should be considered as a whole. In light of this information, as it is seen in Figures 8 through 11 , the GP model is found to be more accurate in comparison to the SR model in terms of the correlation coefficient (R 2 ). 
Conclusions
The paper presents cyclic triaxial test results for sand mixed with waste tire crumbs and buffings. Shear modulus and damping ratio at small strain levels are presented against shear strain, and two different modeling approaches (stepwise regression, and genetic programming) are developed for the mixtures tested. The shear modulus and damping ratio of the mixtures are strongly influenced by the percentage of the waste tire crumbs/ buffings inclusions and confining pressure, as expected. Empirical stepwise regression and genetic programming based models for the prediction of shear modulus and damping ratio of the sand -waste tire crumbs/buffings are developed as a function of waste tire types, waste tire content, confining pressure, and shear strain. The genetic programming model is observed to be more accurate than the stepwise regression model. Researchers can use these two models for the prediction of damping ratio and shear modulus of sand -waste tire mixtures. This paper is intended to serve as a leading reference for more advanced applications in geotechnical engineering using both genetic programming and stepwise regression approaches.
